Sedentary activity is a modifiable life-style behavior and a key component in the etiology of atherosclerotic cardiovascular disease (ACVD). US adults and children spend more than half their waking time in sedentary pursuits. Sedentary activity has been shown to result in impaired insulin sensitivity, impaired metabolic function and attenuated endothelial function, which are classic markers of ACVD. Sedentary activity is defined as 'sitting without otherwise being active.' This behavior promotes reduced muscular activity of the lower extremities which decreases leg blood flow, increases blood pooling in the calf, augments mean arterial pressure, and deforms arterial segments resulting in low mean shear stress (SS). SS activates distinct physiological mechanisms which have been proposed to be protective against ACVD; specifically through a SS-induced endothelium-derived nitric oxide mechanism. Reduced bioavailability of nitric oxide creates a pro-oxidant milieu resulting in increased oxidative stress. There is sufficient evidence which demonstrates that endothelial function is attenuated in the presence of oxidative stress. Sedentary activity results in low SS in the lower extremities which may result in increased oxidative stress and impaired endothelial function. This review furthers the use of sitting as model to study the effects of inactivity, discusses possible physiological mechanisms and suggests future directions. Full-text PDF:
Background
Life-style factors are significant components in the etiology of atherosclerotic cardiovascular disease (ACVD), malignant neoplasms, and cerebrovascular disease which are the leading causes of death in this country [1, 2] . In fact, it is estimated that 50% of deaths attributable to ACVD are preventable through life-style modification [2] . Diet and physical inactivity are only second to tobacco in life-style contributors for all-cause mortality [2] . Along these lines, physical activity is used as a primary intervention to help prevent and treat these diseases [3] . However, adults and children in the US spend ~55% of their waking time in sedentary pursuits [4] ; which may be a greater contributing factor to ACVD than the actual lack of physical activity (PA) [5] .
PA can be expressed as a continuum with one end being vigorous intensity PA and the opposite being sitting without otherwise being active ( Figure 1 ). The PA continuum also represents a spectrum of muscular contraction intensity and frequency, and thus energy expenditure. Typically, physical inactivity has been used as an umbrella term for the lower end of the continuum. Sedentary activity can be thought of as the farthest point of the PA continuum. It is critical to differentiate between physical inactivity and sedentary activity when physiological research questions are considered at the lowest end of the continuum. Sedentary comes from the Latin word Seder which means "to sit." As discussed by Owen and colleagues (6) , increased sitting is very different from a lack of exercise. In theory, a person can be sitting while performing arm or leg exercises or movements, which would increase energy expenditure (e.g., weight lifting, rowing, cycling). The definition of sedentary activity that seems most appropriate to use while conducting physiological research is 'sitting without being otherwise active,' a definition which has been previously used by Owen and colleagues [7] . Examples of sedentary activities are sitting at work, sitting in an automobile, or other activities that range between 1 to 1.5 METs [8] . In this context, sedentary activity is relatively easy to simulate in the laboratory and may represent the best inactivity model due to its simplicity and practical application. This review will address the considerations for physical inactivity as it relates to ACVD, and discuss how different experimental models of physical inactivity affect endothelial function. Sedentary activity, as defined above, is a very common form of inactivity as time spent watching television and performing computer-related activities have increased [4] . Sitting as a model introduces distinctly different physiological mechanisms (e.g. low shear stress, bent artery system, hydrostatic load, pooling of blood) when compared to traditional physical inactivity models. The use of sedentary activity models in the laboratory may also limit time dependent physiological adaptations which take place as a result of traditional chronic models (e.g. spinal cord injury, bed rest, etc.). To that extent this paper will further the use of sitting as a model of inactivity and propose how sitting influences hemodynamic alterations (specifically low shear stress) within the vasculature.
EndothElial dysfunction in acVd
The endothelium is a single layer of cells lining nearly all of the vascular system and it performs anti-atherogenic functions; such as anti-coagulation, fibrinolysis, anti-inflammation, anti-adhesion, and regulates permeability as well as vasomotor control [9] . One of the primary etiologies of endothelial dysfunction is an imbalance between pro-and anti-oxidants thereby producing oxidative stress, which is the primary etiology in cardiovascular disease [10] . When the endothelium is compromised or its functions are attenuated, its anti-atherogenic protective activities are diminished, thus promoting atherosclerosis [11] . Nitric oxide is the key to endothelial function, involved with all the anti-atherogenic properties of the endothelium [12] [13] [14] [15] . Both chemical and physical factors stimulate endothelium-derived nitric oxide production (16) . Figure 2A describes how nitric oxide is produced in an endothelial cell. The synthesis of nitric oxide from L-arginine, molecular oxygen, and NADPH is catalyzed by the phosphorylation of endothelial nitric oxide synthase (eNOS); and dependent on other cofactors (tetrahydrobiopterin, flavin adenine dinucleotide & flavin mononucleotide). Shear stress from arterial blood flow, insulin, and agonists (i.e. acetylcholine (ACh)) initiate pathways to phosphorylate eNOS. Both insulin and shear stress work through a calcium-independent signaling pathway comprising phosphatidylinositol-3-kinase (PI-3 kinase); whereas ACh works through a calcium-dependent pathway. Figure 2B describes how low or turbulent shear stress directly diminishes the production of nitric oxide through decreased eNOS phosphorylation and indirectly lowers nitric oxide bioavailability via the production of endothelial microparticles (small vesicles released from apoptotic or Endothelial function can be assessed using various methods.
The common methods used in activity restriction experiments include flow mediated dilation (FMD) [17] , venous occlusion plethysmography [18] , and iontophoresis [19] . FMD is a non-invasive procedure using high-resolution ultrasound and flow Doppler technology to image both conduit artery diameter and blood velocity. The FMD response is primarily dependent on endothelium-derived nitric oxide and based on the principle that augmented shear stress along the endothelium elicits vasodilation (20) . Venous occlusion plethysmography, regarded as the gold standard for the assessment of vascular function, [21] uses a strain gauge to measure the change in limb volume while arterial inflow is maintained and venous return is contained within the limb. Similar to FMD, this technique is also primarily mediated by nitric oxide [22] . Iontophoresis involves delivering vasodilator substances, such as acetylcholine, across the skin using a weak electrical current which increases perfusion of the skin microvasculature. The increase in perfusion is measured by laser Doppler. This technique has been shown to correlate well with other measures of endothelial function [23] .
EndothElial function and actiVity rEstriction
Both insulin sensitivity [24] and increased blood flow [25, 26] are factors that promote a healthy endothelium and increase nitric oxide (Figure 2A ). Insulin sensitivity has been the variable of interest in physical inactivity studies [17, 27, 28] ; with a common decrease in insulin sensitivity. The role of blood flow (or shear stress) has also been addressed in models of physical inactivity [29] [30] [31] [32] . It has primarily been observed in relation to arterial remodeling and vascular adaptations in models which are chronic states of physical inactivity (e.g. spinal cord injury) which permit time for structural and functional vascular adaptations [29, 31, 33] .
In the intact organism, PA increases blood flow to various tissues in the body. Shear stress is the resulting tangential force due to blood flow across the endothelium and is essential for the release of vasoactive substances (i.e. nitric oxide), gene expression, cell morphology, and cell metabolism [34] . Shear stress also preserves endothelial cell stability and prevents apoptosis [25] , maintains endothelial integrity, and prevents cell proliferation [35] . Correspondingly, a reduction in blood flow or insulin sensitivity reduces nitric oxide bioavailability and attenuates endothelial function, thus creating a pro-atherogenic environment.
ExpErimEntal physical inactiVity modEls in thE study of EndothElial function
The experimental physical inactivity models utilized in human studies examining activity restriction and its effects on endothelial function in the laboratory setting are summarized in Table 1 . The summary is organized by experimental model and provides a list of variables investigated as well as the results. The most common experimental models include step counts, bed rest, dry water immersion, and sitting. Below, we discuss these studies, specifically those focused on outcome variables which directly or indirectly influence endothelial function. We choose not to discuss head low bed rest and spinal cord injury inactivity models because they cause distinct physiological changes (e.g. reduced plasma volume, reduced or absent sympathetic drive etc.) [36, 37] which may not be directly applicable to apparently healthy individuals under normal circumstances. 
Experimental model of physical inactivity: Step counts
Pedometers and accelerometers are common instruments used to quantify the number of steps taken over the course of a given time frame. Tudor-Locke and colleagues [38] have classified 10,000-12,499 steps•day -1 as 'active' and <5000 steps•day -1 as 'sedentary'. In a restricted step count study, Krogh-Madsen and colleagues [27] instructed subjects to decrease their steps from ~10,000 steps•day -1 to below 1,500 steps•day -1 for 2 weeks. As a result, they found significant decreases in insulin stimulated Akt phosphorylation and peripheral insulin sensitivity, a decrease in maximal oxygen consumption, and a decrease in lean leg mass. Similarly, Olsen and colleagues [28] asked apparently healthy adults to reduce their steps from 6,000 steps•day -1 to <1,400 steps•day -1 for two weeks and found decreased insulin sensitivity, attenuated post-prandial lipid metabolism, and a 7% increase in abdominal fat measured by a magnetic resonance scanner [28] . Although the aforementioned studies did not directly measure endothelial function, it is widely accepted that decreased insulin sensitivity results in endothelial dysfunction [39] .
Experimental model of physical inactivity: Bed rest
Bed rest has been the conventional model for physical inactivity. In addition to replicating physical inactivity, [17] it has been utilized to observe alerted gravitational states [40] , as well as for the study of cardiovascular [41] and skeletal [42] physiological responses to physical inactivity. Hamburg and colleagues subjected 20 adults to 5 days of complete bed rest [17] . Following the intervention, significant increases in LDL cholesterol, blood pressure, blood glucose, insulin resistance, and a significant decrease in microvascular function measured by venous occlusion plethysmography were observed. Conduit artery function (brachial artery FMD) was also assessed; however, it was not found to be impaired following bed rest. These results indicate that 5 days of bed rest may preferentially affect the microvasculature while conduit artery function remains unaltered or that the traditional measurement of FMD was not sensitive to the vascular changes [17] . Although, the authors postulated that insulin resistance is the primary mechanism responsible for the decline in vascular function, they also suggested that low vascular shear stress may have contributed to the decreased microvascular function [17] .
Arterial function in the arms is the most common site for assessing endothelial function. However, the brachial artery may not be the optimal site to measure endothelial function following sedentary activity interventions because the lower limbs are primarily the inactive limbs during these interventions. In most protocols [17, 18] , subjects were allowed to use their arms during bed rest which may have assisted in the preservation of brachial artery FMD. Due to periodic arm movements, the brachial artery may not accurately reflect the local condition of decreased blood flow in the legs during bed rest [43] . In a bed rest study, Sonne and colleagues had first degree relatives of type 2 diabetics, subjects with low birth weight, and healthy controls undergo 10 days of bed rest with 15 minutes of activity for personal hygiene allowed each day [18] . Subjects were asked to refrain from tilting the upper body more than 60 o throughout the intervention. Controls and low birth weight subjects experienced a reduction in insulin-mediated vasodilation in the forearm. However, endothelium-dependent vasodilation in the brachial artery remained unaffected after bed-rest in all groups. The authors concluded this may have occurred because arm movements were not controlled during the study, or because the inactivity stimulus was insufficient [18] . Bed rest has also been shown to increase circulating endothelial cells in eight healthy adults [44] following a 13-52 day protocol. It was speculated that low shear stress during bed rest initiated endothelial cell apoptosis which augmented circulating endothelial cells. In this context, the endothelium has been identified as an ideal site for treatment during and following prolonged physical inactivity [44] . FMD responses following bed rest and deconditioning have been somewhat counterintuitive. An augmented FMD response has been observed after a 25-52 day bed rest intervention [31] which had typically been attributed to the structural and functional adaptations of the vasculature (e.g. decreased conduit artery diameter, increased reactivity to nitric oxide, increased endothelium independent vasodilation and FMD) [29, 31] . There have been several studies on bed ridden hospital patients and apparently healthy individuals which have found that bed rest results in insulin resistance [45] [46] [47] by decreasing skeletal muscle energy expenditure [48] . It is logical to speculate that endothelial function decreased as a result of augmented insulin resistance following these interventions.
The bed rest model appears to be a viable method for studying the effects of physical inactivity on vascular function; however careful consideration should be taken into account when interpreting changes in local endothelial function. Albeit, the vast majority of working adults sit during the work day and sit during leisure time [49] ; thereby making bed rest models less applicable to the general sedentary population. Regardless of the model used, it is critical that a sensitive and accurate method specific to that model be used for assessing endothelial function following physical inactivity.
Experimental model of physical inactivity: Dry water immersion
In dry water immersion, subjects are submerged in thermoneutral water but kept dry by a thin, elastic, waterproof film which separates the subjects from contact with the water. The film is thin and large enough to ensure that the water's hydrostatic pressure is equally distributed throughout the surface of the body and the subject appears to be freely suspended in water [19] . Navasiolava and colleagues studied the effect of 7 days of dry water immersion on endothelial integrity and function [19] . Following the intervention, calf blood flow and endothelium-dependent vasodilation at the skin-level were significantly diminished following the intervention. In addition, plasma vascular endothelial growth factor (a potent angiogenic cytokine) was significantly lower and endothelium derived microparticles were significantly greater compared to baseline. Despite the inability to measure shear stress during the intervention, Navasiolava and colleagues hypothesized that low shear stress may be a possible mechanism which caused the observed endothelial damage [19] . Interestingly, endothelium derived microparticles appear attenuate endothelial function [16] by augmenting oxidative stress [50] following periods of inactivity.
Experimental model of physical inactivity: Sitting
Physiological and hemodynamic effects of sitting have been observed by several investigators [43, [51] [52] [53] . Padilla and colleagues had subjects sit in the upright position for three hours and measured popliteal artery shear stress during the intervention and popliteal artery FMD following the intervention [51] . When compared to the baseline supine position, it only took 30 minutes of sitting to decrease mean, maximum, and minimum shear. However, FMD after the three hour intervention remained unchanged suggesting that the popliteal artery is not affected by these shear patterns or the stimulus was not sufficient enough to observe a change in popliteal artery FMD. Shvartz and colleagues had their subjects sit on a chair with a standard seat cushion and without arm-rests or lumbar support [52] . The thigh-torso angle was adjusted to 104° for each subject and feet were placed on simulated paddles so as to replicate an operator's seat in a truck or a van. Using this model, Shvartz and colleagues concluded that at least 60 minutes of sitting is necessary to observe an increase in calf blood pooling and mean arterial pressure and a decrease in calf blood flow [53] . Newcomer et al. (2008) showed that the shear rate in the femoral artery was significantly lower in sitting and standing as compared to the supine position; and femoral artery shear rate was lower than the brachial artery across all postures [43] . Sitting may also limit the time dependent structural and functional adaptations (e.g. decreased conduit artery diameter, increased reactivity to nitric oxide, increased endothelium independent vasodilation and FMD) that have been shown with other models of inactivity [31, 54] thereby enabling evaluation of the acute impact of sedentary activity. In a review of physical inactivity models and adaptations, Thijssen and colleagues [29] concluded that mean blood pressure does not change in inactivity models. Conversely, Padilla and colleagues [51] and Shvartz and colleagues [52] have shown that short duration sitting increased mean arterial blood pressure. Thus sitting seems to create a distinct physiological milieu as compared to other models. Given these changes and the amount of time the population spends in the seated position, it appears logical to use this model in further studies examining the physiological effects of sedentary activity.
discussion
A vast majority of the literature utilizing chronic physical inactivity models have investigated insulin-related and blood flow related mechanisms, which have been shown to alter vascular function [17, [27] [28] [29] 31] . However, our team, as well as other investigators [43, [51] [52] [53] , believe that hemodynamic responses including low blood flow due to sitting warrants further attention based on the prominent role of shear stress in the pathogenesis of ACVD [55] .
The nature and magnitude of shear stress influences the structure of the vessel and function of the endothelial cells [34] . Areas of high shear stress (>15 dynes/cm 3 ) have preserved endothelial function and are relatively protected from atherosclerosis; whereas arterial segments with low shear stress (<4 dynes/cm 3 ) are exposed to the pathology of the disease [55] . There is also a strong correlation between areas of low shear stress (i.e. arterial branch points) and endothelial dysfunction [56] . Thus, low mean shear stress has been identified as one of the etiologies of atherosclerosis and cardiovascular disease. Shear stress associated with exercise appears to augment the bioavailability of nitric oxide [15] , which is important for the prevention of atherosclerosis [16] . Exercise episodically increases shear stress and subsequently improves endothelial function [57] . However, the increase in shear stress appears to be ephemeral [59] and it seems logical that long bouts of sedentary activity maintain a state of low shear stress which prohibits an increase in endothelial function. Indeed, after only 30 minutes of sitting, antegrade shear is reduced [51] and following only one hour of sitting, blood pools in the leg (53) , thigh blood flow decreases [53] , and blood viscosity increases [59] . In this context, repeated sedentary activity appears to expose to the endothelium to a pro-atherogenic milieu, whereas repeated bouts of activity interrupt the harmful hemodynamic environment associated with sedentary activity.
Today, most jobs and leisure time activities involve hours of continuous sitting [4, 60] . The underlying nature of sitting does not promote muscular contractions, augmented energy expenditure, or increased blood flow. Sitting also changes the angle at which major arteries (femoral and popliteal) run; as compared to a standing or supine posture. Bends within the arterial tree alter flow patterns which have been shown to affect the atherosclerotic process [61, 62] . Due to the predominantly seated posture during sedentary activity, turbulent blood flow might be augmented in deformed arterial segments of the lower extremities [56] . The turbulent flow may also be an underlying mechanism for the prevalence of atherosclerosis in the femoro-popliteal arterial segment [63] . Additionally, shear rate (estimate of shear stress without accounting for blood viscosity) is lower in the femoral artery versus the brachial artery in the supine, standing, and seated positions [43] . It could be hypothesized that repeated sedentary activity presents a chronic stimuli in the lower extremity which promotes the development of atherosclerosis. In the seated posture, blood pools in the leg, and both peripheral resistance and blood pressure in the leg increase [52, 53, 64] . As previously mentioned, Padilla and colleagues [51] observed changes in popliteal artery shear following 30 minutes of sitting; however, these changes were not detected in the post-intervention popliteal artery FMD, even after normalizing FMD to the shear stimulus. These data indicate that three hours of sitting provides an insufficient stimulus to evoke changes in popliteal artery function assessed by FMD or that the popliteal artery does not respond to this type of an intervention. It may also be possible that since they repositioned their subjects prone for evaluating FMD, the stimulus was lost. However, it is clear from the above observations that sitting upright causes low mean shear stress in the legs as compared to the supine position [43, 51] ,which over time may influence endothelial function.
Here, we provide evidence for why we think low mean shear stress, attributable to sedentary activity, plays a key role in affecting the pathogenesis of ACVD. Based on previously discussed literature, our hypothesis is that low mean shear stress due to sedentary activity causes an elevation of oxidative stress which promotes atherogenesis. Low shear stress can lead to decreased endothelial nitric oxide synthase expression [55] which leads to decreased bioavailability of nitric oxide and oxidative stress ( Figure 2B ). Along these lines, sedentary mice have been shown to have an increased superoxide production [65] . In this study, inactivity promoted NADPH oxidase activity leading to increased oxidative stress [66] . Evidence indicates that oscillatory shear stress creates a pro-oxidant environment in the endothelial cell [66, 67] . Although oxidative stress has been shown to be increased in other physical inactivity models [68, 69] , sitting may present a different physiological challenge. Muscle contractions increase local blood flow [70] and shear stress [71] and may negate the harmful effects of prolonged sitting. Recently, Szostak and Laurant have also proposed that low shear stress associated with inactivity increases oxidative stress in humans [72] . We further their hypothesis by specifically postulating that sitting induces low mean shear stress which elevates oxidative stress and promotes atherosclerosis.
conclusions Several models of physical inactivity have been used in research laboratory settings to identify possible mechanisms which may be associated with ACVD. Of these models, sitting represents the most applied experimental model of inactivity because of the abundant number of people who engage in prolonged sitting at work or during leisure time. Sitting replicates the exact "activity" commonly found in inactivity; nothing has to be simulated. Sitting appears to influence endothelial function due to multiple hemodynamic changes. In particular, sitting alters shear stress which predisposes the lower limb vasculature to increased oxidative stress, endothelial dysfunction, and subsequently atherosclerosis.
Future directions
Currently, there is no scientific literature on the dose response relationship between sitting time and endothelial function. It is possible that repeated bouts of sitting and the associated low mean shear stress predispose the lower extremity to atherosclerosis. Various studies where sedentary activity is compared to sitting and contracting lower extremity muscles (e.g., sitting on a therapy ball, ankle exercises, etc.), could be conducted to determine if elevating blood flow to the legs during sitting lowers oxidative stress and improves local endothelial function. Investigating the role of prolonged and repeated sedentary activity on oxidative stress might be a key link for the treatment and prevention of ACVD. Appropriate models should be used to study the dose response of sitting on low shear stress, oxidative stress, local and systemic endothelial function. Sedentary activity is an independent cardiovascular risk factor and more human studies need to be conducted to explore its pathological effects which influence the progression of ACVD so that accurate public health guidelines can be established.
